In many species, the reproductive centers of the brain are profoundly affected by sociosexual stimuli. This is particularly evident in female ungulates such as sheep, in which exposure to males switches them from reproductively quiescent to fertile. In two experiments with female sheep, we tested whether the brain centers that control gonadotropin-releasing hormone (GnRH) neuronal activity respond differentially to ''novel'' vs. familiar males and whether the neuroendocrine response is associated with increased cell proliferation in the hippocampus, a site associated with memory formation. In experiment 1, groups of 10 female sheep that had previously been habituated to males for 3 mo were re-exposed to familiar males or were exposed to novel males. Only the novel males increased luteinizing hormone (LH) pulse frequency, indicating stimulation of GnRH neuronal activity. In experiment 2, groups of six female sheep were injected with bromodeoxyuridine (BrdU) and then maintained in isolation from males or exposed to novel males. Two days later, the hippocampus and hypothalamus were removed and processed for fluorescence immunohistochemistry. Again, exposure to males increased LH pulse frequency. Most important, male exposure also doubled the number of BrdUpositive cells in the dentate gyrus of the hippocampus. No BrdUpositive cells were detected in the hypothalamus. We conclude that the stimulus from novel males switches on the reproductive centers of the brain of female sheep and rapidly doubles the rate of cell proliferation in the hippocampus. The rapidity of this response contrasts with rodents, in which several days of exposure to male pheromones seem necessary for an effect on neurogenesis.
INTRODUCTION
The brain centers that control reproduction integrate information from a variety of sources to formulate the reproductive strategy of the animal. This information can stem from the animals' internal environment (e.g., metabolic factors) and external environment (e.g., photoperiod and sociosexual milieu). Sociosexual information can include auditory, visual, behavioral, and olfactory signals. Olfactory signals, or pheromones, are perhaps the most important, and they can inhibit (e.g., block pregnancy [1] ) or facilitate (e.g., synchronization of estrus [2] [3] [4] ) the reproductive process. Arguably, the most profound facilitatory effect of male sociosexual stimuli identified to date is observed in ungulates such as sheep, in which exposure to males leads within minutes to a complete change in the female's reproductive status from quiescent to fertile [5] [6] [7] . Moreover, the epidermal pheromone of sheep and goats seems to encode specific information about male identity, as only unfamiliar (''novel'') males seem able to induce ovulation [8, 9] . However, in these studies, changes in pulsatile luteinizing hormone (LH) secretion were not measured. Pulsatile LH secretion directly reflects GnRH cellular activity, so it is still not clear whether the brain centers that emit the major neuroendocrine signal that controls reproduction can discriminate between individual males.
Clues to the brain mechanisms underlying these hormonal and behavioral changes in female ungulates have been obtained from studies in mice, in which male pheromones induce puberty [10] and synchronize proestrus [2] [3] [4] . Most important, these urinary pheromones also seem to encode the individual identity of males, enabling females to discriminate among males according to familiarity or dominance [11] . Furthermore, 7 days after exposure to male pheromones, changes in prolactin and LH secretion appear to increase the rate of neurogenesis in brain regions critical to the processing of olfactory information (subventricular zone [SVZ] ) and learning and memory (hippocampus); this seems to be required for female mice to select and mate with the dominant male [12] .
In contrast to the situation in rodents, exposure of female sheep to male stimuli induces a dramatic neuroendocrine response within minutes and leading to ovulation within a few days, raising the question of whether recognition of male identity, potentially supported by increased neurogenesis, can occur within such a short time frame. This process in sheep is driven by activation of neurons in the preoptic-hypothalamic continuum that produce pulses of gonadotropin-releasing hormone (GnRH), leading to pulses of luteinizing hormone (LH) in the peripheral circulation. In the present study, we compared the hormonal profile of females exposed to familiar and novel males to determine the importance of novelty for the neuroendocrine response that drives male-induced ovulation. We also measured cell proliferation in the hippocampus and hypothalamus within the first few hours of male exposure, as the cascade of neuronal and neuroendocrine responses that may drive increased cell proliferation begins within minutes of exposure to the male stimulus. We targeted the hippocampus because the male effect in sheep involves a dramatic increase in the secretion of LH, the hormone that seems to be responsible for pheromone-induced neurogenesis in the hippocampus of female mice. We also investigated the hypothalamus because it is an important site of pheromone-induced neurogenesis in female prairie voles [13] and has a critical role in mediating the neuroendocrine response of female sheep to male stimuli. 
MATERIALS AND METHODS

Experiment 1
During August, adult multiparous female Merino sheep (n ¼ 20) that had been previously isolated from males (i.e., .500 m away from males for a minimum of 2 mo) were habituated to adult male Merino sheep (n ¼ 4) at pasture for approximately 3 mo. Two weeks before the experiment, all animals were moved into a facility at the University of Western Australia, Perth, and were allocated to one of the following two groups: familiar (n ¼ 10) or novel (n ¼ 10), balanced for age (mean 6 SEM, 2.7 6 0.3 y for familiar and 2.6 6 0.2 y for novel) and live weight (55.0 6 2.2 kg for familiar and 53.0 6 1.9 kg for novel). The female sheep were maintained in group pens under natural light (12.5L:11.5D), and each animal received a daily ration of 150 g of lupin grain, 750 g of rough-cut chaff, and 25 g of minerals. Progesterone pessaries (CIDR; Pacific Vet, Cheltenham, VIC, Australia) were inserted 11 days before the day of male exchange (Day 0). Progesterone does not block the neuroendocrine response of female sheep to males [14] but ensures a consistent endocrine milieu within which to monitor LH secretion. The mean 6 SEM concentrations of progesterone on Day 0 were 1.30 6 0.14 ng/ml (familiar) and 1.20 6 0.09 ng/ml (novel). On Day 0, blood was sampled every 15 min from 6 h before to 6 h after male exchange to study the effect of male exchange on LH secretion (and thus GnRH activity). At male exchange, the two familiar males were removed for 15 min and returned (familiar) or replaced with two novel males (novel).
Experiment 2
Animals and experimental procedures. During November, adult multiparous female Merino sheep (n ¼ 12) that had been previously isolated from males (i.e., .500 m away from males for a minimum of 2 mo) were allocated to one of the following two groups: male exposed (n ¼ 6) and control (n ¼ 6), with each group balanced for age (6 y) and live weight (mean 6 SEM, 54.0 6 2.1 vs. 53.0 6 2.1 kg). Two weeks before the experiment, all animals were moved into a facility at the University of Western Australia, Perth. The females were maintained in group pens under the same regimen for lighting and nutrition as that described for experiment 1. Blood was sampled twice weekly for progesterone for 2 wk before the start of the experiment to confirm the anovulatory status of the females. On the day of bromodeoxyuridine (BrdU) injection (Day 0), blood was sampled every 12 min from 6 h before to 6 h after BrdU injection, to monitor changes in pulsatile LH secretion.
BrdU labeling. BrdU is an analogue of thymidine and incorporates into the DNA of dividing cells during the S phase of the cell cycle. The population of cells susceptible to BrdU labeling is dictated by many aspects of the experimental protocol, particularly the dose of BrdU and the time of injection relative to stimulus exposure and to euthanasia [15, 16] . In this study, BrdU (100 mg/kg in 0.9% saline) was injected intravenously into the female sheep immediately before male exposure and at a parallel time point in the control group. BrdU had not previously been used in adult sheep, so the dose was selected based on a rodent study [17] . The short half-life of 2 h [18] , in combination with injection immediately before male exposure, ensures that the only cells labeled with BrdU were those proliferating within hours of male exposure. Approximately 48 h after BrdU injection, all females were heparinized (25 000 IU i.v.), killed (100 mg/kg of sodium pentobarbitone i.v.), and swiftly decapitated, and the heads were perfused with 2 L of 0.9% saline and 3 L of 4% paraformaldehyde (pH 7.4). The 48-h time point was selected because newborn cells are typically small, irregular in shape, and distributed in clusters and thus are easier to quantify accurately several days after BrdU injection [15] . Blocks of tissue containing the hippocampus and hypothalamus were dissected out and stored in 4% paraformaldehyde for a further 24 h (48C) followed by 24-48 h in 15% sucrose (48C). We also intended to study the SVZ and rostral migratory stream, but for technical reasons it was not feasible to collect these regions for the present study. The blocks of tissue were then embedded (OCT; ProSciTech, Thuringowa, QLD, Australia) and stored at À808C. A sample of small intestine was also removed and processed as already described to act as a positive control. Coronal sections of the hippocampus, hypothalamus, and small intestine were cut at 20 lm on a cryostat (CM3050; Leica, Wetzlar, Germany), mounted onto charged slides, and stored at À808C.
Immunohistochemistry and BrdU-positive quantification. One in 10 sections (20 lm at 200-lm intervals) through the hippocampus was processed for fluorescence immunohistochemistry to detect BrdU-immunoreactive (BrdU positive) cells. Briefly, on Day 1 of the protocol, sections were air dried, rehydrated (0.1 M PBS [pH 7.4]), and incubated in 50% hydrochloric acid diluted in 1% Triton X-100 for 20 min to denature the DNA. They were then rinsed (0.1 M PBS) and incubated overnight (48C) with anti-mouse BrdU (1:2000; Chemicon International, Temecula, CA) diluted in 0.2% Triton X-0.1 M PBS. Sections were double labeled with neuron-specific enolase (1:500; Chemicon International) for identification and measurement of relevant structures. On Day 2, sections were rinsed (0.1 M PBS) and incubated (2 h) with Alexa 546 anti-mouse and Alexa 488 anti-rabbit (both 1:400; Invitrogen, San Diego, CA) diluted in 0.2% Triton X-0.1 M PBS. They were then rinsed (0.1 M PBS) and stained with 0.3% Sudan Black B for 2-3 min to remove lipofuscin autofluorescence [19] . Sections of small intestine were included in each run to validate the BrdU technique for sheep. BrdU-positive cells were visualized at 403 magnification on an Axioskop II fluorescent microscope and photographed using an Axiocam digital camera (Carl Zeiss, Thornburg, NY). BrdU-positive cells in the hippocampus were counted in the dentate gyrus and hippocampus proper by an operator blind to the identity and treatment group of the animals. The area of each structure was calculated using photographs of each section (e.g., see Figure 3d ) and an image analysis program (ImageJ 1.38; http://rsb.info.nih.gov/ij/download.html). The numbers of BrdU-positive cells were then adjusted for the area of each structure to give BrdU-positive cells per mm
À2
. The numbers of BrdU cells per mm À2 in each structure were normally distributed per Anderson Darling test (Minitab 13.1; Minitab Ltd., Coventry, England) and were thus compared between male-exposed and control ewes using one-way ANOVA (GENSTAT 5 for Windows, second edition; Numerical Algorithms Group, Oxford, England). Three representative sections of the anterior, medial, and posterior ventromedial hypothalamus of each animal were also processed for BrdU immunohistochemistry as already described. No BrdU-positive cells were observed in the ventromedial hypothalamus, so we processed one in 20 sections (20 lm at 400-lm intervals) through the entire hypothalamic block (mammillary bodies to diagonal band of broca [20] ) of one control female and one male-exposed female. However, we found no BrdU-positive cells in any structures within the hypothalamus.
General Studies for Experiments 1 and 2
Radioimmunoassay. Plasma LH was measured in duplicate by a doubleantibody radioimmunoassay [21] using ovine LH (NIDDK-oLH-1-4; AFP-8614B) for iodination and standards kindly supplied by A. Parlow, National Hormone and Pituitary Program, National Institute of Diabetes and Digestive and Kidney Diseases, Torrance, CA. The limit of detection was 0.06 ng/ml (experiments 1 and 2). Quality control samples for experiment 1 (0.41, 0.74, and 1.83 ng/ml) and experiment 2 (0.60, 1.11, and 2.05 ng/ml) were used to estimate intraassay coefficients of variation (13.8%, 5.3%, and 5.9% for experiment 1 and 6.6%, 5.1%, and 8.2% for experiment 2). Plasma progesterone was measured in duplicate using an active progesterone radioimmunoassay kit (Diagnostic Systems Laboratories Inc., Webster, TX) as previously described [22] . The limit of detection of the assay was 0.1 ng/ml. Quality control samples (1.40 and 9.43 ng/ml for experiment 1 and 1.21 and 8.95 ng/ml for experiment 2) were used to estimate intraassay coefficients of variation (4.4% and 9.43% for experiment 1 and 5.6% and 7.8% for experiment 2). Plasma estradiol was measured in duplicate using an Adaltis MAIA estradiol radioimmunoassay kit (Diagnostic Technology, Belrose, NSW, Australia). The limit of detection was 0.4 pg/ml. Quality control samples (2.73 and 8.28 pg/ml) were used to estimate intraassay coefficients of variation (3.0% and 2.0%).
LH data analysis. Luteinizing hormone pulses were detected using the Munro algorithm, a modified version of the Pulsar algorithm [23] . Data for LH pulse frequency and mean concentrations of LH before and after male exchange (experiment 1) or male exposure (experiment 2) were subjected to repeatedmeasures ANOVA in GENSTAT 5 for Windows. Progesterone concentrations on Day 0 were included in the repeated-measures analysis as a covariate but had no effect on any parameters of LH secretion in either experiment (P . 0.1). If a significant effect of male exchange or exposure was detected, data before and after male exchange (experiment 1) or male exposure (experiment 2) were compared within treatment by paired t-test or between treatments by Student ttest (GENSTAT 5 for Windows for both comparisons). Before analysis, the normality of the data was assessed using Anderson Darling test for normality (Minitab 13.1), and log10 transformation was used to overcome skewness in the mean concentration of LH and progesterone (experiments 1 and 2).
RESULTS
Experiment 1
The differences between the neuroendocrine responses to novel vs. familiar males are shown in Figure 1 . Novel males were clearly able to elicit an immediate robust change in the pulsatile pattern of LH secretion (Fig. 1, b and c) , whereas reintroduction of familiar males had no detectable effect (Fig.  1, a and c) . Detailed quantitative analysis of the data confirms this, with novel males inducing a highly significant (P , 0.001) increase in LH pulse frequency (the mean concentrations of LH are given in Table 1 ). In contrast, reintroduction of familiar males did not affect (P . 0.1) any of the three variables (Table 1) .
Experiment 2
Neuroendocrine response. The neuroendocrine responses of female sheep to novel males are shown in Figure 2 . Note again the immediate robust increase (P , 0.001) in the secretion of LH (Fig. 2a) that was accompanied by increased (P , 0.01) circulating concentrations of estradiol-17b (Fig. 2b) . Detailed quantitative analysis of the data confirms this, with novel males inducing highly significant (P , 0.001) increases in LH pulse frequency and thus in the mean concentrations of LH (Table 1) . Plasma estradiol concentrations increased from a mean 6 SEM of 0.58 6 0.14 to 0.98 6 0.15 pg/ml (Fig. 2b) . In contrast, in the females that remained isolated from males, there were no significant changes in LH secretion (Table 1) or estradiol concentration (mean 6 SEM, 0.55 6 0.20 vs. 0.60 6 0.20 pg/ml) (Fig. 2b) .
BrdU-labeled cells. Exposure to males doubled the number of BrdU-positive cells in the dentate gyrus of the hippocampus from a mean 6 SEM of 4.68 6 1.19 to 9.60 6 1.09 cells mm À2 (P , 0.05). Representative images of BrdU-positive cells located in this region are shown in Figure 3 . There was a parallel trend in the hippocampus proper (mean 6 SEM, 0.78 6 0.18 vs. 1.68 6 0.18 cells mm À2 ), but the difference just failed to reach significance (P ¼ 0.06). In contrast to the hippocampus, there was no evidence of cell proliferation in the ventromedial region or any other region of the hypothalamus.
DISCUSSION
The systems that control the reproductive centers in the brain of female sheep and ultimately control the secretion of GnRH are activated by exposure to unfamiliar (novel) males, and this response is associated with increased cell proliferation, perhaps neurogenesis, in the dentate gyrus of the hippocampus, a key structure involved in learning and memory [24] . The following two aspects of the increase in hippocampal cell proliferation are markedly different from that recently reported for mice [12] . First the response is very robust, effectively doubling the constitutive rate of cell proliferation. Second, the response is very rapid, suggesting that if these cells are involved in the formation of a memory of the new male, this process occurs within only a few hours of initial exposure.
The differences between rodents and ungulates in hippocampal cell proliferation might be attributed to differences in the biological action of pheromones in these animals. In adult female mice, male pheromones do not directly induce ovulation but subtly alter the hormonal patterns that control the cycle so that there is a synchronization of proestrus among 1148 females. Two key hormones involved in this response, pituitary LH and prolactin, are thought to elicit the increase in neurogenesis [12] . Similarly, in prairie voles, exposure to males raises the concentration of estrogen and alters the expression of behavioral estrus [13] . In each case, the responses are not observed until after days of intense exposure to male pheromones [12, 13] . In sheep, the concentrations of LH and estradiol increase within minutes of exposure to the male stimulus. It seems likely, therefore, that differences in the timing of the hippocampal response to the male stimulus are related to species-specific differences in the neural and neuroendocrine response to pheromonal signals. However, the short half-life of BrdU [18] means that the frequency, dose, and timing of injection, relative to the time of tissue sampling, dictate the populations of cells susceptible to BrdU labeling. Previous studies [12, 13, 25, 26] in rodents focused their injection regimen several days after exposure to male pheromones, and this strategy may hide a more immediate and robust effect of pheromones on neurogenesis in these species.
To our knowledge, this study is the first to report constitutive proliferation of cells in the dentate gyrus of the hippocampus of adult sheep, at a rate of about 2500 cells per day. The increase in cell proliferation induced by exposure of female sheep to novel males is associated with a dramatic change in the endocrine milieu. From observations in rodents, it would seem that this phenomenon may be driven by changes in one or more reproductive hormones [12, 13, 25, 26] . However, in contrast to rodents, exposure to males has little effect on the concentration of prolactin in sheep [27] . Rather, male exposure increases GnRH/LH pulse frequency within minutes [21] , and each LH pulse induces a pulse of estradiol [28] . The concentrations of follicle-stimulating hormone do not increase until the preovulatory surge [29] . Therefore, LH and estradiol are potential drivers of male-induced cell proliferation in the hippocampus of female sheep. This hypothesis is yet to be tested, and a role for LH is potentially problematical because this large glycoprotein molecule seems unlikely to cross the blood-brain barrier. However, there is evidence of LH receptors in the hippocampus of rodents [12, 30] , and LH is thought to have a role in Alzheimer disease in humans [31] and thus may have a role in the brain of ungulates.
In contrast to the hippocampus, we did not detect any proliferating cells in the hypothalamus of female sheep. This is perhaps surprising, as neural activity in the hypothalamus drives the rapid neuroendocrine response of female sheep to males and it is a key site of pheromone-induced neurogenesis in female prairie voles [13] . However, our injection regimen targeted only cells proliferating during the first few hours of male exposure, and it might be that cell proliferation in this region is associated with the preovulatory surge and/or ovulation, processes that occur 1-3 days after initial male exposure [6] . This hypothesis requires further investigation.
In mice, prolactin seems to drive pheromone-induced neurogenesis in the SVZ [12] . We did not study this region but may include it in future studies for two reasons. First, adult neurogenesis has been reported in the SVZ of many species, and cells born in this region migrate along the rostral migratory stream to become integrated into the functional circuitry of the olfactory bulb [15] . Second, olfactory stimuli are a vital component of sociosexual communication in sheep [5, 32] . However, in sheep, prolactin seems to have no role in maleinduced ovulation [27] ; if it occurs, male-induced cell proliferation in the SVZ of female sheep is unlikely to be driven by prolactin.
The ability of novel but not familiar males to induce a neuroendocrine response in female sheep suggests that the brain centers controlling reproduction respond differentially to individual males, at least in terms of their social familiarity. In mice, volatile compounds in male urine encode specific information that enables females to distinguish between individual males [33] . In sheep, the male pheromone seems to be a mix of long-chain fatty acids [34] that might be sufficiently complex to encode the identity of individual males [5] . However, visual stimuli are also important for social communication in sheep [35] [36] [37] [38] , and we recently found that projected images of male sheep elicit a small but significant neuroendocrine response in female sheep [39] . Therefore, further studies are required to elucidate the mechanism by which female sheep can discriminate between novel and familiar males.
In conclusion, there is constitutive proliferation of cells in the hippocampus but not the hypothalamus of female sheep. Cell proliferation in the hippocampus increases rapidly in association with an increase in the neuroendocrine activity of the brain centers that control reproduction following the introduction of unfamiliar (novel) males. We propose that this phenomenon is driven by rapid increases in LH and/or estradiol secretion within minutes of exposure to males and that the new cells may be involved in forming memories of individual males that dictate the responsiveness of females to future male-female interactions.
